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ABSTRACT. Transcription factor NusG is present in all prokaryotes, and orthologous proteins have also
been identified in yeast and humans. NusG contains a 27-residue KOW motif, found in ribosomal protein
L24 where it interacts with rRNA. NusG iBscherichia col{EcNusG) is an essential protein and functions

as a regulator of Rho-dependent transcription termination, phag@nd rRNA transcription antitermi-
nation, and phage HK022 Nun termination. Relative to EcNus@ifex aeolicuNusG (AaNusG) and
several other bacterial NusG proteins contain a variable insertion sequer@® oésidues in the central
region of the molecule. Recently, crystal structures of AaNusG in space gRy@sd|222 have been
reported; the authors conclude that there are no conserved dimers among the contacting molecules in the
crystals [Steiner, T., Kaiser, J. T., Marinkovic, S., Huber, R., and Wahl, M. C. (280280 J. 21
4641-4653]. We have independently determined the structures of AaNusG also in two crystal forms,
P2; and C222;, and surprisingly found that AaNusG molecules form domain-swapped dimers in both
crystals. Additionally, polymerization is also observed in #®& crystal. A unique “ball-and-socket”
junction dominates the intermolecular interactions within both oligomers. We believe that this interaction
is a clue to the function of the molecule and propose a spring-loaded state in the functional cycle of
NusG. The importance of the ball-and-socket junction for the function of NusG is supported by the
functional analysis of site-directed mutants.

The elongation activity of RNA polymerase (RNAR3 Although it was initially identified as a component of the
controlled in part by the action of competing regulatory A N antitermination complext. coli NusG (EcNusG) was
complexes. For instance, transcription termination activity subsequently shown to be a regulator of Rho-dependent tran-
in Escherichia colcompetes with the antitermination activity ~ scription termination{—12), phage HK022 Nun termination
of a multiprotein complex comprised of the bacteriophage (4, 13), and rRNA transcription antiterminatio3<5, 14—

N protein and N-utilization substances NusA, NusB, Nusg, 18). NusG contains a KOW motif, a 27-residue sequence
and NusG {—3). NusG facilitates the termination activity (Figure 1) that is also found in ribosomal protein L24),
of Rho protein both in vivo and in vitro4( 5). NusG binds where it is involved in the binding of L24 to 23S rRNA.
Rho () and is the bridge between Rho and RNAG. (n NusG is present in all prokaryotes, and orthologous
fact, NusG only stably binds the. coli RNAP elongation  proteins have been identified in yea$8) and humans20).
complex in the presence of Rh6)( Rho binds the nascent  Aquifex aeolicutNusG (AaNusG) and several other bacterial
RNA during elongation, using the RNA to reach polymerase NusG proteins contain an insertion sequence o residues
and cause termination at specific sites. NusG modulates thisthat is not present in EcNusG (Figure 1). Recently, Steiner
termination activity through RNAP. In this reaction, no et al. 1) reported the crystal structures of AaNusG in two
specific or direct binding of NusG to the RNA has been space groupsP2; and 1222. Four crystallographically
demonstrated. To date, there is no evidence that any bacteriaindependent molecules (Mol-AD) exist in theP2; structure,
NusG forms oligomers in solution. and one molecule (Mol E) is if222. Therefore, the structures
of five independent molecules were determined, revealing
¥ Atomic coordinates and structure factors have been deposited with that AaNusG is comprised of three discrete domains{D1
tcﬁssfgl’ste'rg?p?gt%?y as entries INPP and 1NPR foPfh@andC222, D3) with an overall appearance of loosely tethered disks lying

*To whom correspondence should be addressed: NCI-Frederick, i @ plane. D1 and D3 are derived from conserved sequences

1050 Boyles St., Bldg. 539, Frederick, MD 21702. Phone: (301) 846- with counterparts in all NusG proteins. D2, on the other hand,

50??@'2";‘;;“(()?&13I;“gggzjiog'r?&; Ij_igb@o’:g{gg-go"- is composed of residues corresponding to the variable
I Gene Regulation and Chromosome Biology Laboratory. insertion sequence (Figure 1). Mol contain all three
o Present address: Center for Veterinary Medicine, Food and Drug domains, whereas Mol E does not contain D3, although a
Administration, Rockville, MD 20855. gel analysis of dissolved crystals showed the full-length

1 Abbreviations: AaNusGA. aeolicusNusG; Mol A—E, molecules ; ;
A—E. respectively: D+D3, domains £.3, respectively: ECNUSCE. molecule. A common feature of the five molecules is the

coli NusG; MAD, multiwavelength anomalous diffraction; RNAP, RNA  flexible N-terminus, resulting in unobserved stretches of four
polymerase; SeMet, selenomethionyl. to nine residues. Another highly flexible region is a six-

10.1021/bi0272508 This article not subject to U.S. Copyright. Published xxxx by the American Chemical Society
Published on Web 00/00/0000 PAGE EST: 6.9



B Accelerated Publications Biochemistry

10 p1 20 ol 30 40 3,, pz2 50 B3 60
AaNusG MSEQQVQELEKKWYALQVEPGKENEAKENEEKVEELREG EVIVPAEEKVVIRAQG
] N I I L
EcNusG MSEAP- - - -KKRWYVVQAFSGFEGRVATSLREHIKLHNMEDLFGEVMVPTEEVVEIRGGQ
10 20 30 40 50
B4 70 Bs 80 i3 90 B7 100 3., 110ps s 120
AaNusG KEKYRLSLKGNARDISVLGKKGVTTFRIENGEVKVVESVEGDTEUNAPPISKPGQKITER
|
EcNusG RRKS-----------ccmm e e e e - -
60
i, p1o 130 140 pi1 150 160 piz 170 o3
AaNusG [ENKTEAKIVLDNKIFPGYILI PHVFRPVMVGG- - -KPVP
| L] ] || I | | ||
EcNusG =---------- ERKFFPGYVLVQMVMNDASWHLVRSVPRVMG—- FIGGTSDRPAPISDKEV
70 80 90 100
180 o3 190 200 piz 3, 210 pia 220 pis 230 p1s
AaNusG R-GVKPS - KVEFEKGDQVRVIE FTGTVEEVHPEKRKLTVMISIFGRM
|| iR N
EcNusG DAIMNRLQQVGDKPRPKTLFEPGEMVRVNDGPFADFNGVVEEVDYEK/SRLKVSVSIFGRA
110 120 130 140 150 160
240 3, pu7
AaNusG TPVEL KI
LEEEETE T
EcNusG TPVELDFSQVEKA
170 180

Ficure 1: Sequence alignment of AaNusG and EcNusG. Residue numbers are shown above for AaNusG and below for ECNusG. Strictly
conserved residues are indicated by vertical bars; residues strictly conserved in 30 sequences are in red. A blue background indicates
helices and yellows-strands. The boxed sequence is the KOW mdié) (

residue linker between D1 and D3. Among the five mol- and crystallization ofC222 crystals have been reported
ecules, this flexible linker is observed in Mol A only. With  previously @2). The selenomethionySeMet) protein was
regard to the intermolecular interactions and crystal packing prepared by the methionine pathway inhibition meth28).(
of AaNusG, Steiner and co-workers conclude that there areA single colony ofE. coliBL21(DE3) containing a maltose-
no conserved dimers among the contacting molecules in thebinding protein-AaNusG fusion plasmid was used to

crystals 21). Here, we report the crystal structures of
AaNusG also in two space groupg andC222,) with five
independent molecules (Mol-AD in the P2; structure and
Mol E in the C222 crystal). OurP2; crystal may be the
same as the2; structure previously reported, based on their
unit cell dimensions (2.8% difference inand <0.5% ina,

¢, andp); our C222, crystal is a new form. Moreover, each

inoculate 100 mL of Luria broth (LB). Approximately 15
mL of a culture grown overnight was used to inoculate 1000
mL of the same medium. The culture was grown at’G7
until it reached an OBy of 0.5—1.0, at which point the cells
were pelleted by centrifugation. The cell pellet was washed
with SeMet medium and centrifuged again. The cells were
resuspended in 1000 mL of SeMet medium, allowed to grow

of our five molecules contains all three domains as well as for 10—15 min at 37°C, and then induced with 1 mM

the six-residue flexible linker between D1 and D3. Surpris- isopropylj3-p-thiogalactopyranoside (IPTG) and 100 ng/mL
ingly, we have observed that AaNusG form domain-swapped anhydrotetracycline hydrochloride. At the time of induction,
dimers in bothP2; and C222 crystals. Additionally, po- the temperature was reduced to 3D and the cells were
lymerization is also observed in tf#; crystal. Strikingly, grown overnight, harvested by centrifugation, and stored at
a unigue “ball-and-socket” junction dominates the intermo- —80°C. The purification procedure for SeMet AaNusG was
lecular interaction in both oligomeric states. We believe that the same as that for the native prote2®)( Purified AaNusG
this interaction is a clue about the function of the molecule was concentrated with an Amicon stirred cell unit. The final
and propose a spring-loaded state in the functional cycle of concentration of the protein was 32 mg/mL in 20 mM Tris-
NusG. The importance of the ball-and-socket junction for HCI (pH 8.0), 200 mM NaCl, 2 mM EDTA, and 10 mM
the function of NusG is supported by the functional analysis DTT.

of site-directed mutants. Crystals of SeMet AaNusG were grown by the hanging

drop vapor diffusion method. The drops, containing 2.5

of protein solution and 2.xL of reservoir solution, were
Expression, Purification, and Crystallization of AaNusG microseeded with native AaNusG crystals and equilibrated

Cloning, expression, and purification of the native protein with 500uL of reservoir solution. The reservoir solution was

EXPERIMENTAL PROCEDURES
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Table 1: X-ray Diffraction Data Statistics for AaNusG Crystals Table 2: Refinement Statistics for AaNusG Native Structures
MAD (P2,) native P2, C222
Aedge Apeak  Aremote P2, C222 resolution range (A) 262.00 35-2.22
data used for refinement 72021 15493
Wa_velength A 0.9792 0.9788 0.9636 1.0019 1.5418 data used foRye. calculations 5485 749
ung ((:'g)" 8719 87.15 8722 87.06  65.95 28. 8; \r;:tig?giygen atoms 986518 214426
b(A) 5539 5534 5540 55.86 124.58 no. of 2-propanol molecules 5 0
c(A) 112.64 112,51 112.69 112.61 83.60 final Rfactor 22.0 236
a.andy (deg) 0 90 90 90 90 final R-free 27..8 27..4
p (d(_eg) 90.55 ~ 90.57 = 90.55 = 90.39 90 rm< deviations from ideal geometry
resolution range (A) 262.20 20-2.20 26-2.20 26-2.00 35-2.22 bond distances (A) 0.012 0.008
redundancy 3.11 4.13 3.20 3.11 411 bond angles (deg) 17 14
overall 96.2 929 956 988  96.3 Ramachard o plogt’ : :
Ias(;c')srr:lepllleteness (%)53 2 405 82.0 922 85.2 most favoredp andy angles (%) 83.7 83.3
. . . . . : o
completeness (%) disallowedp andy angles (%) 0.0 0.0
overalll/o(l) 14.83 1049 9.05 16.83  29.66 a Crystallographi®R-factor= 3 n||Fo| — |Fcll/nlFol. ® Root-mean-
last shelll/o(1) 2.06 1.74 1.44 1.88 1.87 square.
overall Rscaind 0.092 0.080 0.079 0.067 0.058
last shellRscaind 0.419 0.386 0.403 0.538 0.619 N
aRanges of 2.242.20, 2.07#2.00, and 2.262.22 A for MAD,
native P2;, andC222 crystals, respectively’. Rscaing= ¥ || — OV 1. (a)

derived from the Hampton Cryo Screen [0.085 M NaHepes
(pH 7.5), 15% glycerol, 8.5% 2-propanol, and 17% PEG
4000], with the addition of 1% dioxane. The crystals grew
at 184+ 1 °C and reached dimensions of 0.2 mxr0.1 mm

x 0.05 mm in 5-7 days. The native crystals in space group
P2, were grown under the same conditions, but in the
absence of dioxane, and took-104 days to reach a similar
size.

Size Exclusion Chromatographyjo determine the oligo-
meric state of AaNusG in solution, size exclusion chroma-
tography was performed at 4 and 20 using Superdex 75 3,¢
resin packed in an XK 26/10 column (Phamacia). All
experiments were performed in phosphate-buffered saline
(PBS) (pH 7.2) at a protein concentration of 1.8 mg/mL (64.3
uM). The molecular mass standards RNase A (13.7 kDa),
ovalbumin (43.0 kDa), and albumin (67.0 kDa) were from N
the Amersham Pharmacia LMW Gel Filtration Calibration (b)

Kit (lot 189982). The average retention volume for each

protein was measured at both 4 and°20 The final results

(not shown) were the average of three to five repetitive D3
measurements. D1

Data Collection, Phasing, and Refinemeihte determined F232
the P2; structure by multiwavelength anomalous diffraction
(MAD). Single-wavelength data for a native crystal and
MAD data for a SeMet variant were collected at beamline D2
X9B of the National Synchrotron Light Source, Brookhaven
National Laboratory (Upton, NY), with an ADSC Quantum
4 CCD detector. The crystals were flash-frozen in liquid
nitrogen and maintained at-173 °C with an Oxford
Cryosystem. On the basis of the fluorescence scan, three

energies near the Se K-absorption edge corresponding to th IGURE 2: Overall structure of AaNusG. (a) A schematic repre-
edge, peak, and remote Wavelen_gths were selected (Tabl entation of Mol A with three domains. Helices are shown as blue
1). X-ray data were processed using HKL20@@)( There  gpjrals, g-strands as orange arrows, and loops as gray tubes with
are four AaNusG molecules in the asymmetric unit, corre- the flexible linker in red. (b) A proposed molecular model of the
sponding to a solvent content ef45%. A total of 24 Se  spring-loaded state. D1 is blue, D2 gray, D3 orange, and the flexible
sites, including one with two alternate positions, were located !inker red. F232 is highlighted. This figure was prepared with
with SOLVE (25). The solution had a figure of merit of 0.46. Molscript (39) and Raster3DA0).

The Se positions were refined with SHARPG|, and the 996 residues. On the basis of the initial model and the
phases were improved with DM27) and Solomon Z8). improved phases from ARP/WARRY), a total of 848
ARP/WARP @9) was used to refine and extend the phases residues were built, including a continuous chain of 234
to 2.14 A and to build the initial model containing 560 of residues within one monomer. Multiple rounds of refinement
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Ficure 3: Conformational flexibility of AaNusG in stereo. Mol A (blue), B (yellow), C (red), D (green), and E (cyan) are aligned on the
basis of the optimized superposition oft@toms in D1. This figure was prepared with Molscrie).

were performed using CNS3Q) with 7.6% of the data  codon of thelacZ gene presented on the pCR plasmid,
reserved for cross validation. As the refinement progressed,thereby acquiring all regulatory elements of theZ gene.

the main chain atoms of flexible loops were traced into Recombineering was carried out & coli strain DY330
electron density maps calculated with phases from Solomonaccording to a standard procedud&)( ThenusGcontaining
(28) phase recombination. The refinement was coupled with pCR plasmids were identified by restriction analysis of the
bulk solvent correction. Model building was carried out with insert. One plasmid clone, pAB90, was chosen, and the
O (31). The quality of the structure was assessed using integrity of itsnusGgene was verified by DNA sequencing.
PROCHECK 82). The refinement statistics can be found The NusG protein was expressed from this vectdt.icoli

in Table 2. XL1 cells.

The X-ray diffraction data of theC222, crystal were Site-Directed Mutagenesis of E. coli nusG and Functional
collected and processed as previously descriBagl fut with Analysis of the MutantsThe E. coli nusGgene in pAB90
improved resolution (Table 1). Th€222 structure was  was mutagenized using the QuikChange site-directed mu-
determined by molecular replacement using Amo&® in tagenesis kit (Stratagene, La Jolla, CA) according to the
combination with difference Fourier synthesis. Mol A of the manufacturer’s protocol. The ball element F165 was replaced
P2, structure was used as the starting model. Molecular with either A, D, T, V, or Y. Residue F165 in EcNusG
replacement trials starting with the whole molecule and with corresponds to F232 in AaNusG (Figure 1).
the combination of D1 and D2 did not result in any NusG is essential for bacterial growt® (L3), on the basis
meaningful solution. Using D1 only, however, resulted in of which the activity ofnusG mutants was analyzed in a
an outstanding solution. Difference Fourier synthesis basedgenetic assay (M. Bubunenko and D. L. Court, unpublished
on D1 located D2; D3 was then positioned by the difference results). Nonessential genes can readily be replaced with an
Fourier synthesis with a model containing both D1 and D2. antibiotic-resistant gene using recombineering.moli (36).

The structure was refined using the same procedure as forSimilarly, when the same antibiotic-resistant cassette is used
the P2; crystal, and the statistics can be found in Table 2. to replace an essential gene, drug-resistant recombinants

Cloning of E. coli nusG by Gap Repair Recombination. occur but at a much (1000-fold) lower frequency. These
The E. coli nusGgene was cloned by retrieval to a plasmid recombinants contain a duplication of the essential gene with
from the chromosome using the gap repai, (35) version one allele being replaced by the drug-resistant cassette and
of recombineering36). The pCR-Blunt plasmid (Invitrogen)  the other being normal. When the same replacement is carried
was amplified by PCR with primers bearing the 40-nucleotide out in the presence of a plasmid carrying the wild-type gene,
extensions homologous to the very &d 3-coding regions  a simple replacement of the single chromosomal gene can
of nusG(forward primer, CCGGTAGAGCTGGACTTCAGC- occur. If the plasmid gene carries a lethal mutation and
CAGGTTGAAAAAGCCTAACCTGAATTCTGCAGATAT- therefore is not able to functionally replace the chromo-
CCATCAC; and reverse primer, CAGGCCGCGCCCGCT- somally disrupted gene, only duplications will be selected.
TCCTTGAGCTTCGGTATTCGCACTCATAGCTGTTT- If it is not lethal and fully complementary for function, the
CCTGTGTGAAATTG). This way, the clonedusG open chromosomal copy can be replaced. Thus, only the haploid
reading frame should start directly from the AUG initiation disrupted gene for viable mutants and the duplicated con-
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FiGure 4: Stereoviews showing the oligomeric states of AaNusG with F232 (ball) highlighted. (a) Mol A (blue) and B (yellow) form a
domain-swapped dimer, six of which are shown. (b) Mol C (red) and D (green) form the repeating unit of a polymer. A polymer with six
repeating units is shown. (c) Mol E (cyan) forms a domain-swapped dimer with a symmetry-related molggu(puiple), which is
different from the Mol A-Mol B dimer. The alignment of the two dimers is based on the optimized superposition of D1. This figure was
prepared with Molscript39) and Raster3D40).

figuration for lethal mutants will be selected. These two two 3,c-helices and is organized into two sandwiched
forms of drug-resistant recombinants can be readily analyzedantiparallel3-sheets. D3 contains fiye-strands and two;3
by PCR amplification of the chromosomalisGgene 87). helices, forming a highly beifi-sheet. D1 and D3 are loosely
tethered by a flexible six-residue linker (residues-1892)
Overall Structure Four independent molecules (Mol The AaNusG molecule is intrinsically flexible. Four to nine
A—D) and one molecule (Mol E) are present in the residues are disordered at the N-termini of the five molecules,
asymmetric unit of thé2; andC222 crystals, respectively.  and one or two residues are missing at the C-termini of Mol
Each molecule is comprised of three domains,—DB C and Mol D. Three of five six-residue linkers can be located
(Figure 2a). D1 contains threehelices, fous-strands, and  in the initial experimental map from MAD phasing; all five
one 3q-helix and forms a four-stranded antiparajfetheet are defined unambiguously. Although every individual
flanked by onen-helix on one side of th@-sheet and two  domain of the five molecules aligns quite well, the entire
o-helices on the other. D1 and D2 are connected through molecules do not. Figure 3 depicts the alignment of the five
A3 andf10 (Figure 2a). D2 consists of sevfrstrands and  independent molecules based on the optimized superposition
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Ficure 5: Stereoview of the five ball-and-socket junctions. F232 in D3 is the ball; A15, P49, F135, Y138, L140, L172, and 1180 in D1
form the socket. Diloi A—=D3wol 8, DLviol 8=D3wmol A, D1vol c—=D3mol by Dlmol 0—D3wmol cyyy @NA Dot e=D3wol E,,, jlUNCtions are shown in
blue, yellow, red, green, and cyan, respectively. This figure was prepared with MolS9jr(d RasterSDé(Of.

of Ca. atoms in D1. Among the five molecules, significant

swapped dimer in a similar manner, although its conforma-

dislocations are observed for D2, while dramatic dispositions tion is significantly different from that of the Mol AMol

are found for D3. Thgg3—310 connection between D1 and
D2 allows the rotation of D2 around their long axesbi5°,

B dimer (Figure 4c). Within the Mol €Mol D repeating
unit of the polymer, only one ball-and-socket junction exists

whereas the six-residue linker allows the rotation of D3 along between D, c and D3yop (Figure 4b). Ddoip does not

their long axes by~18C°. Furthermore, the partial unwinding
of the last turn o3 in D1 allows D3 in Mol D to point in
the opposite direction of its counterparts in Mo-& and
E (Figure 3). The conformation of Mol D in o2, crystal
is distinctly different from that in the previously reported
P2, crystal 1), where the alignment of the four molecules

interact with D3 c; instead, it interacts with Qdic,,,
(Figure 4b). Strikingly, the domain-swapped dimers, the
repeating unit of the polymer, and the polymer are all formed
by the same unique ball-and-socket junction between D1 and
D3 (Figure 4).

The formation of the intermolecular ball-and-socket junc-

shows that D3 of Mol D points in the same direction as others tion between D1 and D3 buries a total surface area1d00

(Figure 2E in ref21).

Oligomeric Forms and the Ball-and-Socket Junctitm
the P2, lattice, Mol A and Mol B form a domain-swapped
dimer (Figure 4a), whereas Mol C and Mol D compose the
repeating unit of a polymer (Figure 4b). In t8222 lattice,
Mol E forms a domain-swapped dimer with a symmetry-
related molecule, Mol & (Figure 4c). Note that the Mol
A—Mol B dimer is different from the Mol EMol Egym
dimer. InP2; crystal, Mol A and Mol B are different due to
the rotation of D3 along their long axes bylO®® (Figure

A2 Figure 5 depicts the alignment of five distinct ball-and-
socket junctions observed in the two crystals, including
D21poi A—D3wmoi s @nd Do s—D3wmoi a junctions (Figure 4a),
D1moic—=D3wmoip @and Dvoio—D3woic,,, junctions (Figure
4b), and a Dol e=D3wmol g, junction (Figure 4c). Note
that the Dlwie,,,—D3woe junction is the same as the
D1mol e—=D3wol .., junction. Within the socket, the phenyl
ring of F232 (the ball) not only shifts its center byl.5 A

but also rotates by-90°, mimicking indeed the movement
of the ball in the socket of a mechanical ball-and-socket

3), and the resulting dimer is not symmetric; whereas in the junction (Figure 5). Interestingly, the socket also shows
C222 crystal, Mol E and Mol En, are identical, and the  significant binding-induced fit (Figure 5). No conserved
resulting dimer is symmetric (Figure 4c). Moreover, the Mol hydrogen bonds are found between the ball side and the
E—Mol Esym dimer is flat, and the Mol A-Mol B dimer is socket side residues (not shown). Therefore, the conserved
bent (Figure 4c). Perhaps further bending of the domain- ball-and-socket junction is the only dominant interaction

swapped dimer results in the MoH®/ol D pair, which is
the repeating unit of a polymer (Figure 4b). Despite the
different oligomeric states, the intermolecular interactions

between D1 and D3. We believe that this junction is a clue
to the function of AaNusG.
Role of F232 Residue F232 of AaNusG corresponds to

are the same. A ball-and-socket junction defines both typesF165 of EcNusG (Figure 1). To assess the importance of
of dimers as well as the polymer. The ball is the side chain the ball-and-socket interaction, five site-directed mutants at

of F232, which is located at the tip of D3 in the loop region
betweens15 ands16 (Figure 2a). The side chains of A15,
P49, F135, Y138, L140, L172, and 1180 form the hydro-
phobic socket, which is located on D1 and betwe&nand

this position in ECNusG were constructed: F165A, F165D,
F165T, F165V, and F165Y. The mutants were tested for
NusG activity in supporting the growth d&. coli. The
conservative replacements of F165 with V or Y fully

B12 (Figure 2). Note that the residues that form the ball and supported cell growth, whereas a replacement with D or T

the socket are highly conserved in the aeolicusand E.
coli proteins (Figure 1). Mol A and B form the domain-
swapped dimer via two junctions, one of which is between
D3voia and Dluog and the other between Rgs and
Dlvoia (Figure 4a). Mol E and &n form the domain-

made NusG defective for growth. The F165A mutant
exhibited impaired growth at 37C and displayed a cold-
sensitive phenotype at temperatures below’B0 This is
the first conditional mutant reported for NusG. We conclude
that the integrity of the ball-and-socket interaction is strongly



Biochemistry PAGE EST: 6.9

dependent on the hydrophobicity and size of the ball element, 8.

which is vital for the growth oft. coli. We have recently
identified a structure with similar properties in RNase Il

protein and carried out similar mutagenesis studies for the 10.

ball element 88). It appears that the hydrophobic character

and size of the ball element are common determining factors

of the ball-and-socket structures in these two proteins. 12
AaNusG as a Spring-Loaded Probe in Solutidm the

crystal, AaNusG is an extended nonglobular molecule (Figure 13-

2a) that is stabilized via dimerization and polymerization

(Figure 4). If the extended and nonglobular form of the 14

molecule were present in solution, the hydrophobic surface
(~1000 A) buried upon the formation of the ball-and-socket
junction would be exposed to solvent and the retention time 14
of such molecules should be significantly different from that

of globular molecules. However, our size exclusion chro- 17

matography experiments indicate that the average retention ;¢
volume for AaNusG (MW= 28 kDa) is between those for

the standards RNase A (M\& 13.7 kDa) and ovalbumin 19.

(MW = 44 kDa), suggesting that the AaNusG molecule
adopts a more globular form in solution.
We propose that the long flexible six-residue linker

(residues 18%192) and the ball-and-socket junction are two ~ 21.

of the key factors for the structure and function of the
molecule. Molecular modeling suggests that the ball in D3
can easily reach the socket in D1 to form a ball-and-socket

junction within the same molecule (Figure 2b), mimicking 23
| ( 9 ) 9 24. Otwinowski, Z., and Minor, W. (1997"lethods Enzymol. 276

a spring-loaded probe. The relaxed structure observed in the

crystal would correspond to the sprung conformation, with 25,

which NusG interacts with other biological molecules. The

fact that the spring-loaded conformation can be disrupted 25
by the weak forces involved in crystallization suggests that 57

the spring-loaded probe is unstable and readily releases the

third domain to interact with other biomolecules, the nature 28.

of which remains to be elucidated. 29
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